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Studies of molecular structures at or near their equilibrium configu-
rations have long provided information on their geometry in terms of
bond distances and angles. Far-from-equilibrium structures are rela-
tively unknown—especially for complex systems—and generally,
neither their dynamics nor their average geometries can be extrap-
olated from equilibrium values. For such nonequilibrium structures,
vibrational amplitudes and bond distances play a central role in
phenomena such as energy redistribution and chemical reactivity.
Ultrafast electron diffraction, which was developed to study transient
molecular structures, provides a direct method for probing the nature
of complex molecules far from equilibrium. Here we present our
ultrafast electron diffraction observations of transient structures for
two cyclic hydrocarbons. At high internal energies of ’4 eV, these
molecules display markedly different behavior. For 1,3,5-cyclohep-
tatriene, excitation results in the formation of hot ground-state
structures with bond distances similar to those of the initial structure,
but with nearly three times the average vibrational amplitude. Energy
is redistributed within 5 ps, but with a negative temperature char-
acterizing the nonequilibrium population. In contrast, the ring-open-
ing reaction of 1,3-cyclohexadiene is shown to result in hot structures
with a COC bond distance of over 1.7 Å, which is 0.2 Å away from any
expected equilibrium value. Even up to 400 ps, energy remains
trapped in large-amplitude motions comprised of torsion and asym-
metric stretching. These studies promise a new direction for studying
structural dynamics in nonequilibrium complex systems.
The premise of ultrafast electron diffraction (UED) is similarto ultrafast spectroscopies (for recent work from this labo-
ratory, see refs. 1–5): a femtosecond laser pulse excites the
molecules, and a second pulse, in this case a picosecond burst of
electrons, probes the resulting structural evolution with the
zero-of-time precisely determined in situ. With UED, the chang-
ing nuclear coordinates are directly recorded in time-dependent
diffraction patterns. By timing the electron pulses to arrive
before the light pulses, ground-state diffraction images are
obtained at negative times. Time-resolved diffraction snapshots
of the transient molecular structures are then recorded at
positive times by varying the time delay between light and
electron pulses. In the present work, we prepare vibrationally hot
structures by radiationless transfer after the initial photon
absorption andyor as a result of a chemical reaction. Scheme 1
depicts the two reactions that are the subject of this contribution.
Concepts of Equilibrium vs. Nonequilibrium Structures. Differences
between diffraction patterns of structures at equilibrium and
those far from equilibrium can be understood by first considering
the case of a single bond (Fig. 1). The diffraction of structures
far from equilibrium manifests itself as (i) increased damping of
the oscillating molecular scattering signal; and (ii) apparent
shifts in internuclear distance(s). As seen in Fig. 1a, simple
thermal heating of the molecule results in nearly the same
average internuclear distance (r), but its vibrational amplitude (l)
increases with temperature. This elevated l value can be readily
observed as enhanced damping of the modified molecular
scattering signal [sM(s)]; the relevant dependence is given by (6):
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where s is the momentum transfer parameter. This damping is
mirrored as broadened peaks in the radial distribution curve [f(r)]
because of its Fourier (sine) transform relation to sM(s). The
damping reflects thermal averaging over the vibrational states in a
Boltzmann distribution, given in the harmonic limit (lh) as (6)
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where m is the reduced mass, n is the vibrational frequency, k is
the Boltzmann constant, and T is the vibrational temperature. In
the limit of high energy, Klh
2L scales linearly with the vibrational
temperature.
In contrast to this thermal (Boltzmann) preparation where the
structures are near equilibrium, structures far from equilibrium
would result if the system were prepared with inverted (non-
Boltzmann) distributions (7). Fig. 1b shows our calculations for the
case where wave packets are produced with Gaussian energy
distributions at different mean energies, which in turn give rise to
the corresponding probability densities in the long-time limit.
Significantly inverted populations would lead to a clear bifurcation
of the internuclear density, inducing splitting and shifting of peaks
in the f(r) curve—which gives the relative populations of internu-
clear distances. However, in the case where these non-Boltzmann
populations occur at relatively low energies in the potential well, the
density bifurcation becomes narrower, and the f(r) curve may not
display shifted peaks, but would exhibit increased damping, thus
mimicking Boltzmann distributions albeit with exceptionally high l
values. These concepts of enhanced damping and shifted bond
distances, shown here for a molecule with a single bond far from
equilibrium, are directly relevant to complex molecular structures
where energy redistribution may or may not be complete, and
where certain bonds determine the reaction coordinate.
Experimental Methodology. UED data were obtained with our
third-generation apparatus (2), which will be described in greater
detail in a separate publication from this laboratory. Briefly, the
amplified output from a TiySapphire laser system (’350 mJ, ’120
fs, 267 nm, 1 kHz repetition rate) was split into two beams, with the
stronger beam being directed into the scattering chamber to initiate
the reaction. The weaker beam was directed into a delay line and
then focused onto a back-illuminated photocathode to generate
electron pulses via the photoelectric effect (30 kV, de Broglie
wavelength: l 5 0.067 Å, ’25,000 electrons per pulse at ’4 ps).
The molecular sample was introduced into the chamber via a jet
expansion source. After interacting with the molecular beam, the
diffracted electrons were detected with a low-noise charge-coupled
device camera [active s range: ’1.5–18.5 Å; s 5 (4pyl)zsin(uy2),
where u is the scattering angle]. Samples of 1,3,5-cycloheptatriene
(CHT) (Fluka, 95%) and 1,3-cyclohexadiene (CHD) (Aldrich,
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97%) were degassed with several freeze-pump-thaw cycles, and
high-purity xenon (Spectra Gases, 99.999%) was used as an atomic
reference gas (8). The nozzle temperature for the diffraction
experiments was maintained at 130 and 120°C for CHT and CHD,
respectively. To establish the point of reference for temporal
studies, the zero of time was determined via photoionization-
induced lensing (9) of the undiffracted electron beam by using CF3I
gas (Aldrich, 99%).
Data Processing and Analysis. Two-dimensional diffraction images
acquired at varying time delays were radially averaged to gen-
erate one-dimensional total intensity curves, from which exper-
imental sM(s) curves were calculated (6). To highlight the
structural changes occurring over the course of the reaction,
time-dependent difference curves were generated by subtracting
a reference diffraction signal (obtained at negative time) from
the signals at positive times. As they contain equal but opposite
contributions from the parent and product structures, difference
curves permit the relative parent and product fractions to be
determined at each point in time (10). Finally, to isolate the
contribution from the product structures, product-only curves
were generated by adding the appropriately scaled parent dif-
fraction signal to the difference curves, thereby canceling out the
parent component in each curve (11).
By using ab initio or previously available experimental structural
parameters, geometrically consistent molecular models were con-
structed, from which theoretical sM(s) curves were derived. A
Monte Carlo sampling procedure was then applied to seek out
structures corresponding to x2 minima in configuration space,
followed by least-squares refinement of the structures. Vibrationally
excited structures were modeled by correcting for the increased l
values; l values for thermally equilibrated structures were either
estimated with the ASYM40 program (12) or extrapolated to high
temperatures by using empirical equations (13, 14). Extrapolated l
values were also used to relate re (the equilibrium internuclear
distance at the potential minimum), to ra (the internuclear distance
measured by electron diffraction), by using the equation:
ra < re 1
3
2
a z l2 1 dr 2
l2
re
, [3]
where a is the anharmonicity constant for the bond, and dr is a
small correction for centrifugal distortion (6).
Results and Discussion
Ground State. Fig. 2 shows typical ground-state diffraction images
for CHT and CHD and the corresponding structures. Differences
between the ring patterns of the two species are evident even in the
two-dimensional images, demonstrating the high sensitivity and
resolution of our third-generation UED apparatus (2). The major
peaks in the f(r) curves reflect relative populations of various COC
distances (in CHT, for example, covalent distances occur at ’1.4 Å,
second-nearest neighbor at ’2.5 Å, and third-nearest neighbor at
’3.0 Å). The f(r) curve for CHD clearly shows much lower density
of third-nearest neighbor CzzC distances compared with CHT. Both
curves are in good agreement with previous results obtained with
conventional electron diffraction (15, 16) and with our own ab initio
predictions.
Structural Dynamics of CHT. On excitation, CHT undergoes an
ultrafast hydrogen shift (17–20), but with subsequent reformation
of CHT at high internal energy. Except for their relative intensities,
Fig. 1. Calculated diffraction curves for a single bond in two regimes: Boltz-
mann distribution and non-Boltzmann distribution. Shown on the Left are prob-
ability densities of the single bond distance, and on the Right are the resulting
molecular scattering signals [sM(s)] and radial distribution curves [f(r)]. (a) Ther-
mal (Boltzmann) vibrational population at low temperature (blue) and at a much
higher temperature (red). Increased temperature results in broadening of the f(r)
curve and damping of the sM(s) curve. (b) Inverted (non-Boltzmann) vibrational
populations modeled with Gaussian distributions. Low-lying inverted popula-
tions (red) will cause broadening of the f(r) curve and damping of the sM(s) curve
similar totheBoltzmanncaseabove.Higher-lyingpopulations (green)can leadto
outright bifurcation of the internuclear density and significant changes in the
frequency components of the sM(s) scattering signal.
Scheme 1.
7118 u www.pnas.orgycgiydoiy10.1073ypnas.131192898 Ruan et al.
all of the product-only sM(t; s) curves were nearly indistinguishable.
Fig. 3 shows the experimental sM(s) curve averaged from 75 to 400
ps, along with theoretical curves with the same internuclear dis-
tances as those of the initial structure (15), but with varying l values.
It is evident that the experimental curve is significantly more
damped than the theoretical curve (for the initial structure) at 403
K, clearly establishing the ‘‘hotness’’ of product CHT. If the initially
deposited energy (107 kcalymol) were equipartitioned among the
CHT modes (21) with a Boltzmann distribution within their vibra-
tional levels (see Fig. 1a), the molecule would have an internal
temperature of ’2,200 K (per mode). However, the poor fit of this
thermalized model with our experimental data precludes Boltz-
mann vibrational distributions.
Indeed, excellent agreement is obtained between experiment
and theory with l values whose mean is nearly three times that
at equilibrium, indicating a non-Boltzmann distribution in the
vibrational levels. This dramatic increase in the vibrational
amplitudes compared with those resulting from a Boltzmann
assumption suggests that the hot (product) structure can be
characterized by a negative temperature, wherein the upper
vibrational levels have higher population than the lower levels.
Note the similarity in frequency components between the the-
oretical sM(s) curve for the equilibrium structure (at 403 K) and
the experimental curve, indicating that internuclear distances (in
the product) are nearly identical to those at equilibrium, in turn
implying nearly complete energy redistribution.
Fig. 4 shows the structural evolution of the CHT product,
obtained by fitting the growing intensity of the sM(t; s) curves with
increasing time delay. Previous ultrafast spectroscopic studies (see,
for example, ref. 18) have suggested that conical intersections are
responsible for the ultrafast formation of product in tens to
hundreds of femtoseconds. However, our structural dynamics stud-
ies indicate that the hot structure must be formed on a time scale
of 16 6 3 ps. This longer time scale implies that the product is
formed via an avoided crossing or by longer-lived trajectories on the
excited surface that involve intramolecular vibrational-energy re-
distribution; see below. This is not surprising, as other studies on the
femtosecond time scale (see, for example, refs. 22–24) have shown
the existence of a distribution of femtosecond and picosecond
trajectories as molecules traverse a complex energy landscape. If all
trajectories were on the femtosecond time scale and we were merely
observing picosecond energy redistribution, our sM(s) curves
would have revealed structural changes as a function of time. On the
other hand, if the structure were that of the excited state, the
vibrational temperture would be much lower than that indicated
above. It should be noted that UED probes the changes of all
nuclear coordinates, and therefore the dynamics reported here are
directly relevant to global structural changes in the molecule. In
contrast, spectroscopic studies reported for the gas phase (ref. 18;
femtoseconds) and condensed phase (ref. 17; 26 6 10 ps) monitor
state populations. The roles of the solvent and intramolecular
relaxation must be disentangled before direct comparisons can be
made with our results of the isolated reaction dynamics.
Structural Dynamics of CHD. In reactive systems, where bonds are
broken and formed, the partitioning of energy may result in its
localization in certain bonds associated with the reaction coordi-
nate. Indeed, we observed incomplete energy partitioning even up
Fig. 2. Observed ground-state diffraction images and
corresponding f(r) curves for CHT (a, b) and CHD (c, d).
The vertical lines in b and d approximate the relative
contributions from various internuclear pairs; the
height of each line scales with (ZiZj)2yrij multiplied by
the degeneracy, where Z is the nuclear charge and rij is
the internuclear distance. The major bond distances
(covalent COC, second nearest-neighbor C - - C, and
third nearest-neighbor CzzC) are shown above the cor-
responding f(r) peaks.
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to 400 ps in hot 1,3,5-hexatriene (HT), formed by the ultrafast ring
opening of CHD (25–28). Fig. 5 shows the evolution of radial
distribution curves for the ring-opening reaction of CHD. The
product-only HT diffraction curves were significantly damped at all
time points [manifested as peak broadening in the f(t; r) curves],
indicating the vibrationally hot nature of the product structure;
however, unlike CHT, new peaks appear in f(r). Shown below the
experimental data in Fig. 5 are theoretical f(r) curves for three hot
conformers of HT (labeled cZc, cZt, and tZt with respect to the
conformation of torsion angles about the COC single bonds; see
Fig. 6). Close inspection of the experimental f(t; r) curves reveals
greater similarity to the theoretical cZc curve than to that of the
lower-energy tZt conformer. Furthermore, an anomalous peak at
’1.7 Å can be seen as a shoulder in all of the experimental f(t; r)
curves; the presence of this peak, which is about 0.2 Å away from
expected equilibrium COC distances, was found to be reproducible
in repeated diffraction experiments.
Least-squares refinement of the structural parameters yielded a
HT molecular structure at each time slice; to locate the global
minimum, Monte Carlo techniques were first applied for searching
the configuration space, and finally the structure at each time
represents the average over the local minima closest to the global
minimum. These HT structures showed no tZt character, but
consistently manifested a configuration intermediate between cZc
and cZt, far removed from a thermally equilibrated conformer
distribution of ’41% tZt, ’45% cZt, and ’14% cZc at 2,100 K
(estimated from ab initio calculations of the conformer energies).
Moreover, the ’1.7 Å peak observed in the f(t; r) curves was
assigned to one COC single bond in HT—a highly nonequilibrium
value for a COC internuclear separation. The remarkable depar-
ture from the predicted equilibrium conformation, together with
the unusual COC bond length, confirms the far-from-equilibrium
nature of the HT structure.
The hot HT structure is formed with a time constant of 32 6
2 ps (Fig. 4) and remains virtually unchanged over the course of
the experiment (400 ps) as shown in Fig. 5. Time-averaged values
for selected structural parameters are summarized in Table 1,
along with corresponding ab initio values for the three HT
conformers. The persistence of this far-from-equilibrium struc-
ture even up to 400 ps indicates that unlike CHT, energy
partitioning within HT is slow with respect to both the rate of
product formation and the time scale of the UED experiment.
The existence of a cZc-like conformation clearly indicates an
inverted population on the potential energy surface (projected
along the coordinate of torsional motion), with significant
density at the classical turning points; this coherent nuclear
motion is shown schematically in Fig. 6. Moreover, the ’1.7 Å
distance assigned to a COC bond would require ’15 kcalymol
of the available ’90 kcalymol to be deposited in that COC bond
(assuming a simple Morse oscillator model), providing further
evidence for an inequitable partitioning of energy. Note that if
energy partitioning were indeed complete, then each of the 36
modes in HT would have ’2.5 kcalymol.
Coexistence of the two structural features—an inverted torsional
conformation and a stretched COC bond—over time strongly
suggests a long-lived, low-frequency hybrid motion comprised of
both torsion and asymmetric stretching of the carbon skeleton.
Conceptually, one may picture that as the molecule oscillates
between the turning points of the potential well (Fig. 6), the
stretched COC distance is shifted continuously from one COC
single bond to another, and at the turning points, the torsional
energy is partially stored in the COC bond stretch. That this
far-from-equilibrium structure lasts for over 400 ps suggests a
bottleneck in energy transfer from the inferred hybrid motion to
Fig. 3. UED of CHT: product-only sM(s) curves. The (green) experimental
curve averaged from 75 to 400 ps is shown, along with corresponding theo-
retical curves for the equilibrium structure at 403 K (black), the Boltzmann
averaged structure at ’2,200 K (blue), and a non-Boltzmann structure with a
mean l value nearly three times that at 403 K (red). For details of structural
analysis, see text. The Inset shows the f(r) curves for the initial structure at 403
K (Top) and the hot CHT structure at a negative temperature (Bottom; see
text). Note the significant broadening of the f(r) peaks in the hot structure.
Fig. 4. Time evolution of the hot CHT and hot HT fractions (in percent) from
the reaction of CHT and CHD, respectively.
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other (higher frequency) modes, after the initial energy deposition.
This energy localization could result from a mismatch in the
frequencies of the coherent modes compared with all other modes
(at these high internal energies). It is interesting to note here that
torsional modes of this type have been isolated in dynamical
calculations of polypeptides (29).
Ultrafast spectroscopic studies of the CHD ring opening reaction
have suggested contrasting time scales for the formation of the HT
product—tens to hundreds of femtoseconds (26–28) and 6 6 1 ps
(25)—with the presence of conical intersections invoked to ratio-
nalize the ultrafast time scales. The initial preparation of CHD is to
the S2 excited state; the S2/S1 conical intersection is along the readily
accessible symmetric path (see below) and gives rise to femtosecond
dynamics. Accordingly, the crossing/avoided-crossing to the ground
state (S0) determines the longer picosecond time scale of the
dynamics. It is interesting to note that, although we found virtually
no contribution from hot CHD in the HT product diffraction
patterns (despite our sensitivity to hot ‘‘parent’’ structures in CHT),
static condensed-phase experiments have reported a 60y40 branch-
ing ratio for the CHD reformationyring-opening pathways (30).
This near absence of hot parent structures, along with the long time
observed by UED for ring opening, signifies the crucial role played
by the solvent (in contrast to the isolated molecule) in redirecting
the fate of the reaction. For instance, the increased steric hindrance
to ring opening in the solvent may favor the reformation of CHD
over ring opening. Moreover, the solvent can induce slight pertur-
Fig. 5. UED of CHD: time-resolved formation of hot HT structures after the ring opening of CHD. (a) Fourier-filtered f(t; r) curves showing product evolution;
note the shoulder at ’1.7 Å. (b) Top: ab initio f(r) curve (red) for the CHD parent structure at 403 K. Middle: comparison of selected experimental product-only
f(t; r) curves (blue) with corresponding structural fits (green). Bottom: ab initio f(r) curves (red) for the three HT conformers (extrapolated to 2,100 K) and for
hot CHD (extrapolated to 2,400 K) shown for comparison. These temperatures were estimated from frequencies reported in refs. 36 and 37, respectively. The
vertical arrows indicate the peak at ’1.7 Å, which is present in all experimental curves, but which is absent in the ab initio f(r) curves of the three HT conformers.
Table 1. Selected refined structural parameters for the far-from-equilibrium HT structure
Structural parameter Mean value* smean† sfit‡ cZc§ cZt§ tZt§
r(C1AC2) 1.29 Å 0.06 Å 0.04 Å 1.338 Å 1.342 Å 1.342 Å
r(C2OC3) 1.40 Å 0.10 Å 0.02 Å 1.471 Å 1.453 Å 1.452 Å
r(C3AC4) 1.41 Å 0.08 Å 0.04 Å 1.350 Å 1.353 Å 1.355 Å
r(C4OC5) 1.71 Å 0.05 Å 0.02 Å 1.471 Å 1.465 Å 1.452 Å
r(C5AC6) 1.32 Å 0.04 Å 0.03 Å 1.338 Å 1.341 Å 1.342 Å
f1(C1C2OC3C4) 84° 41° 11° 35.5° 2174.7° 180°
f2(C3C4OC5C6) 15° 22° 11° 35.5° 37.7° 180°
*Structural parameters obtained from averaging over all time points.
†Standard deviation (spread) of the mean value.
‡Standard deviation (error) of the least-squares fit.
§Structural parameters for the HT conformers, calculated by using ab initio methods (38) (B3LYPy6-311G** basis set), shown for comparison.
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bations in the relative positions of the potential energy surfaces,
which can dramatically alter the time scales (23) for reaction in the
condensed phase.
The above diffraction experiments for CHT and CHD also
reflect the nature of the nascent structures born at the point of
descent to the ground state surface (the ‘‘transition state’’). Both
reactions have been the subject of recent ab initio calculations (19,
31). These calculations have suggested the existence of two regions
on the excited-state energy surface, determined by the C–C stretch
motion and the ring-bending motion (a precuror to torsions). Also,
the molecular structure at the conical intersection is highly dis-
torted. If the conical intersection is reached directly in the initial
motion, then femtosecond dynamics result; otherwise, intramolec-
ular vibrational-energy redistribution is needed to redirect the
trajectories. For example, at the point of descent from the excited
state, CHT must adopt a near-planar geometry (as opposed to
the minimum-energy boat-shaped geometry at equilibrium) for
the [1,7]-sigmatropic hydrogen shift reaction to occur. Thus, effi-
cient energy redistribution is essential in this transformation to the
final geometry via a planar ‘‘transition state.’’ On the other hand,
ring opening in CHD lands the structure in a highly asymmetric
geometry on the ground state and, except for the subsequent hybrid
(torsional and bond stretching) motion, the nature of the system is
similar to that of the final product. In other words, the nonequi-
librium features of the HT structure may reflect memory of an
asymmetric geometry at the instant of ring opening, suggesting that
ring opening of CHD follows a symmetry-breaking pathway that
violates the C2 symmetry of the parent structure (31). However,
although the ab initio calculations (31) were performed for the
minimum energy path, we are concerned here with nuclear dy-
namics of far-from-equilibrium structures. Thus, our diffraction
results illustrate the crucial role played by structural changes in
directing the subsequent dynamics in nuclear subspace (on the
ground potential surface) of the reaction.
Conclusions
We have demonstrated the ability of ultrafast diffraction to observe
the time evolution of molecular structures in nonequilibrium con-
figurations. Although nonthermal effects have been previously
reported (see, for example, refs. 5, 7, 32–35), to our knowledge this
is the first time that such far-from-equilibrium structures, in terms
of both vibrational amplitudes and bond distances, have been
directly observed in isolated complex molecules. The concept of
negative temperature was invoked to describe the observed popu-
lations at high internal energies. The structural dynamics of the two
hydrocarbons studied here underscore the importance of the
following issues: (i) the critical influence of structural changes on
energy redistribution and on persistence of certain bond motions;
(ii) the nature of the nascent structure(s) born en route to the final
product and the associated coherent dynamics; and (iii) the direct
relevance of structural changes associated with bond breaking and
making in understanding the disparities of measured time scales for
state population dynamics in the condensed phase. With the added
dimensions of time and complexity, ultrafast electron diffraction is
now poised to explore the structural and energetic features under-
lying transient conformational changes in chemical and biological
systems.
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Fig. 6. Potential energy landscape relevant to the formation of HT. A proba-
bility density curve (blue) on the schematic HT ground-state surface depicts the
high-energy nature of the product structure. The higher density near the classical
turning points reflects significant population in cZc-type conformations; the
refined molecular structure shown at one of these points represents the average
far-from-equilibrium structure over 400 ps. The ‘‘faded’’ structures denote the
lower-energy cZc, cZt, and tZt conformations. The Inset shows the corresponding
ab initio two-dimensional potential energy surface governing HT torsion angles
(f1 and f2) about the COC single bonds. The white curves illustrate possible
trajectories leading to a time-averaged structure with considerable cZc and cZt
character, but virtually no contribution from tZt.
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